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Abstract:

We reprort {he discovery that the pre-main sequerice st ar Walker 131 int he young,
duster NG 2264 is a double-lined spectroscopic binary. Both components are (; stars with
strong 1Li16708 A absorption lines. Twenty radial velocity measurements have heen used
to determine the orbital elements of this system. Theorbithasaperiodof 6,3,532:1 ().()()12
days and is circul ar within the limits of our velocity resolution; ¢ < 0.01. The total system
mass IS Msin®i = 3.16 Mg, with a mass ratio of 1.04. Fstimates for the orbit inclination
angle and stellar radii place the system near the threshold for eclipse observability; h owever,
no decrcase in brighitiiess was scen during two attempts at photometric monitoring. The
circular orbit of W] 34 fills aniimportant gap inthe period distribution of pre-mainsequence
binarics and thereby constrains the eflectiveness of tidal orbital circularization during the

pre-main sequcence.



1. Introduction

As the high-resol ution spectral database forlow mass pre-main sequence stars has
expandedinthe past decade, the 11111111)(7 of known pre-main sequence (' MS) sp ectro-
scopic bl na ries has steadily grown. V826 Tauri was the first to have a published orhit
determination (M undt et al. 1983). By 1988, three double-lined spectroscopic PMS bina-
ries were k nown (Marschall and Mathicu 1988). THie most recent tally (Mathicu 1992a)
brings the number of single and double-lined PM S bi naries to 20, including the current
study. Il owever, the n umber of short-period PMS binaries remains siall, with only seven
known to have periods of less than ten days. Thiese you ng short-period binaries arc an
important observational constraint on theories 0f tidal orbital circularization (Mathicu
and Mazch 1 988; Tassoul 1988; Zahn 1989: Zaln and Bouchet 1989; Gold mman and Mazcl
1991 ; Mathicu ¢f al. 1992). At issue is the question Of {o what extent do the P rocesses
of tidal circularization operate during the pre-main sequence phase of stellar evolution for
low 1ass binarics. Zahn and Bouchet (1 989) have asserted t hat tidal circularization oc-
curs predominantly during the pre-mnain sequence phase for stars with periods up to about
cight days. Thus, according to their theory, zcro-age main sequence (4 AMS) low mass
binaries with periods less than eight days should have circular orbits. Prior to the current
study, the tidal circularization cutofl for solar- type pre-main scquence stars (defined as
the longest period circular orbit; Mathicu et al. 1 992) was sct at 4.25 days by the binary

ORI569 (Mathicu 1992a). However, until now there has been @ gap in the periods of the

known PMS binaries between 4.25 days (circular orbit) and 7.46 days (OR1429 - cccenitric
orbit; Mathicu ] 992a), with the exception of the possible PMS eclipsing binary 19 K Cep

(c= 0.1 I; period 4.4 days; Tomkin1983).

Pre-main sequence spectroscopic binaries al S0 provide constraints on the dynami-

cal mass ratios in their systems, providing a check on the accuracy of theoretical PMS



cevolutionary tracks (Cohen and INuli 1979, Mazzitelh «f «l. 19 §9). However. only the
double-lined systc’ills enable the determination of the component mass ratios. Including,
the present study, ther e are now cight known double-lined PMS binaries (Mathicu 1992a).
Recent data suggests that the dynamical mass ratios derived agree well witly the place-
ment in PMS tracks (Lee 1992), but the inclination uncertainty prevents determination
of the absolute masses. Iiclipsing binaries p rovide the most accurate stellar parameters;
however, only one relatively “old” PMS eclipsing, binary (EK Cephei) is known (Tomki u
1983: hill and Ebbinghausen1984; Popper 19 S'7). The existence of an extremely young
PMS eclipsing system (age & 10° yrs) would provide masses and radii that could critically

testthe assumptlions of current PMSstellar 1110( 1(' 1s.

In this paper, we report the discovery that the pre- main sequence star Walker 134 (also
k nown as VSI3 92; V=-12.38; 3-V: 0.84), located at a = 6" 38™14.06%,6 = -4 09 ‘58’1 2.3”
(1 950) (or 95" north of S Moninthe young cluster NG C 2264), is a double-lined spectro-
scopic binary with an circu lar orbit of period 6.35 days. The binarity of this system was
serendipitously discovered in the course of a high spect ral resolution study of abunidarices
in low 1nass pre-main sequence stars in scveral star formation regions (Padgett 1991).
W134 was first cataloged by Walker (1956) in a landmark stellar population study of the
young opcn cluster NGC 2264. Ina study of the proper motions of NG C 2264, Vasilevskis
¢l al. (1965) give a 96% confid ence estimate for W134’s membership in the cluster. A
spectral classificati on of G5 V was determined by Younig (1978). Optical photometry of
W134is reported by Walker (1956), Mendoza and Gomez (1980), Sagar and Joshi (1983),
and Feldbrugge and van Gen deren (1991). Based on the differing V magnitudes found in
these studies (Amy = 0.3), Sagar and Joshi suggest that W134 is a low amplitud ¢ variable.
JIHK photometry of W134has beend one by Strom and Hillenbrand (1993); they find J =
10.63:4 0.01, 11 -10.08:40.02, and K:9.81:1 0.03. Finally, this object is a possible

candidate identification for the 60 ynn IRAS source PSC 063844 0958.
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11 the Tollowing we determine the orbital and physical parameters of the W134 Li-

nary svstem. 1 section 1.1, the orbit solution, mass ratio, and M sin®; are determined
from twenty high- resolution spectral observations. The effective temperatyre rat jo of com-
ponent absorption line strengths, and lithiuin abhunda nees are derived fro m the spectral
databasein Section 111.2. We discuss the status of {his system as a pre-main sequence b -
nary in section IV.1, and thie components are placed on the HR diagrainusing the available
photometry in 1V.2. The possibility that the system is an eclipsing binary is evaluated in

1V.3. Finally, we explore the importance of this discovery in the context of binary tidal

circularization theory in Section 1V 4.

11. Observations & Analysis

Ten spectra of W] 34 were obtained using the cechelle spectrograph on the Palomar
1 .5m tclescope over four separate observing runs during the period 1988 Novemnber to 1989
January. This instrument (M cCarthy 1988) uses anunthinned 11800 x 800 CC]) detector;
witha ] .47 entranice slit, the effective speetral resolution R 20,000 over the w avelength
range 4000-8500" A. Multiple flat ficlds were taken using an internal continuum lamyp, and
averaged to a single flat for cach night. On the dates of these observations a thorium-
argon arc source wWas not yel internally installed, requiring that the entire instrument be
reinoved for cali bration. For this rcason wavelength calibrations were performed only at
the beginming ant] end of cachrun. These two calibrations were consistent to within 0.2
A. Exposure times of 3600 scconds produced W1 34 spectra with a signal-to-noise ratio of

50 - 60 in the continuum.

Ileven additional spectra of W] 34 were obtlained on consccutive nights during the
period 1989 22 February - 04 March using the echelle spectrograph on the 2.5m Dupont

Telescope at the Las Campanas Observatory. This instrument uses a “2- D Frutti” photon



counting detector with several image tubes to amplify the spectrum. Using a 1.5" entrance

slit the eflective spectral resolution was Rz 30,000 over the wavelength range 3700-7000
A. ¥lat ficlds were obtained using an internal LED to illuminate the detector. Thorium-
argon arc spectra were taken before and after cach exposure and their average was used for
wavclength calibration. Due to the higher spectral resolution and lower overall ofliciency
of the Las Campanas echelle, and to detector count rate limitations, exposure times of

7200 scconds were needed to yield spectra with a signal-to-noise ratio of 40 - 50 1 the

continuun for W134.

The raw spectra were processed Wit hthe echelle reduction routines in the Iigaro
softwarc environinent.  Curvature inthe raw orders was removed with the sdist routine.
This“S distortion” was fairly stable inthe Palornar data, butinthe Las Campanas spectra
it varied enough to require individual fits to the curvature of cachspectrum. The cchiract
routine was then used to subira ct scattered light and reduce cach of the forty orders to a
singlerow of data. Next the arcspectra were wavelength-fit ted by the echare routine using
a table of 1200 Th-Ar lines and interactive identifications of sclected lines. The wavelength
fit was quite stable in the Palomar data, but proved to be somewhat variable in the Las
Campanas spectra. The are fits were applied to the spectra of W] 34 using the ccharebin
routine. The final steps of continuum normalization and cquivalent width measurcnent

were done using the NOAO JRA 1Y onedspee routines continuum and splot.

Cross corrclations of the 1988 November and January 5, 1989 Palomar W1 34 data
were performed using the 1{0 star HR 1136 as a template for Six cchelle orders from 5800
to 6700 A excluding the orders containing Ha, [() 1] 6300 A, andthe Na 1) lines. The
heliocentric radial velocity of 111{ 1136 was approximat cly determined by cross-correlation
of itsspectrumwithaspectrum of BP Tau(V, = 1 [).8 : 1 .() kins™ ! heli ocentric; Hartmann

ctal. 1 986). The resulting radial velocity for HR 1136 is -7: 3 ki s, which agrees



with 1110 valucof -G 1li HE'S? il the Bright Star Catalog ue. Unfortunately, no radial velocity
standardswcre observed dill’illg the Palomar observing runs on December 22,1988 and
Janua ry 20, 22, 25, 1989. Yor these observations separation velocities only were obtained
(marked with an L in Table 1). The Las Campanas data were cross- correlated with the
weak-line K2 T T auri star KM Orionis. The radial velocity Of KM Ori was determined
via a cross-correlation Of its spectrum with P1270 (v, = 26.1 kin s”'; Hartinann¢f 01.
1986); we find v, (KM Ori) = 22.7 4 2 kin S, which is consistent w -ith its kinemati ¢
mecmbership of the Orion association, Yor al the observations, separate cross-cor clations
were performedfor cach of the six echiclie orders. The peak centers were determined using
the IRAY program facor with typical errors of 4 ki s in the centering routine. These
relatively large errors result from the spectral type misimatch of the bina ry and template
spectra, as well as the only moderate SIN 1 the W134 spectra. Thie standard deviation
of themcan component velocities over the SixX cchelle orders was adopted as the radial
velocity uncertainty. The deblend routine within facor was used to separate the blended
components when the separation velocities were less than 50 1i 111 sl The mean p cak
positions over the six orders were thenadopted as the component velocities with respect
to the templat ¢ objects. Corrections for Farth orbital motion and the template star radial

velocity were appliedto the final results histed in Table 1.

The radial velocity data were analyzed for an orbit solution using the programn 1+1-
‘1'01{1) which was written specifically for this project.  FITORB performs a non-lincar

casl-squarces {it to the radial velocity equation
lcast-sq fit 1o 11 lial velocity equat

((l;: a ’(]‘.‘ ((z’>1§2] Y (ccosw - [LOS(D)-{ w)) 1 Viys L

("Tafl, eq.1 3.4), where nis the mean motion, a the semi-major axis, 7 the orbital inclination
to the line of sight, ¢ the eccentri city, W the argument of periapse, v the true anomaly, and

Veys 1S the systemic velocity of the binary. The relationship between v and the time of an




observation 11s given by the equations
I'- esindy = n(t-1,) COST = - o (2.3)

(Tafl, cqs. 2.8 & 2.10), where 75, is the time of periapse and 10 the cccentric anomaly.
FITORDB solves for the parameters n, asing, ¢,w, 1), and Vi, given either individual com-
ponent velocities or the separation velocity; data points were weighted according to the
inverse of their velocity uncertainty. Conversion between observed and hehocentric radial
velocities was performed using routines from the JP1, Navigation Ancillary Information
Facility (NATF) software toolkit (Acton 1990). FITORB was tested using synthetic ra-
dial vclocity datasets. It was also tested using the data for the pre-main sequence binary
160905-1859 presented by Mathicu ef al. (1989), and converged identically to their solution

when provided with a good initial gucess for the period.

111. Results

a. Dynamical Properties

Orbit modecl fits were performed using the 1 adial velocity data for cach component
of W134 and for the separation velocity. Due to uncertainty in our absolute velocity
calibration, the separation velocity solution proved to be better (in the chisquared sense)
than cither of the individual component fits. We thercfore adopted values for the period
(I? = 27 /n), ¢, w, and T}, given by the separation solution and fixed these values in a
re-solution Of the individual stellar orbits. The individual cor nporient velocity data then
yiclded the mass ratio and systemic velocity of W1 34. The overall solutiongives a very
small cccentricity (¢ = 0.0)()04:1 ().0()7) and cail’ (" g])allclillgly large uncertainties in the values
for wand 7},. IYor comparison we then fit the data with a zero cccentricity model. We found
no significant diflerence (in the chisquared sense) between the circular orbit solution and

the original solution whiere ¢ was permit ted to find its optimuim value. Thus we conclude




that the orbit is circular wit iin the limits of our radial velocity data. The adopted orbital

clements are shown in Table 2.

The radial velocity data points are plot ted in Figure 1 along with the adopted orbit
solution. These values can also be fou nd in Table 1. Frrors in the absolute velocity
calibration are cevident in the individual cor npon ent fits: the observed velocit ies of bot b
components appear systemati cally offset from the orbital solution at phases of 0.288,0.718.
and 0.792. Howcever, the fact that these three points are not discrepant in the circular orbit
separation velocity fit shows that the relative velocity calibration is reasonably good. This
justifies our usc of only the separation velocity data in our determination of the period and
cceenitricity. Note that the systenic velocity we determine for W134 (25.84 1 .0kin s’
heliocentric) agrees fairly well with the systemic velocity of NGC 2264 (214 5kin s1)

determined by Perez (1 991).

b. Physical Properties

Iffective temperatures were determined for the componerits of this binary by using
spectroscopic line ratios calibrated against spectral standards of known temperature. Spee-
lroscopic line ratios have been used to determine spectral types of double-lined binaries
by Boesgaard and Tripicco (1987); they have also been applied to the problem of clas-
sifying pre-mainscquence stars by Basri and Bertout (1989) and Padgett (1991,1994a).
The method involves obtaining temperature sensitive line ratios for spectral standards of
known temperature, fitting the relation between I'ey s and the ratios via lincar regression,
and then using this {it to determine temperatures of PMS stars from their line ratios. The
de tails of this method are thoroughly discussed inPadgett (1991,1994a). However, few of
the line ratios used in these previous studies were measurable i the case of W134., As the

two components orbit, their absorptionlines move=L 3 A, causing considerable blending,



and confusion in line identification from night to night. Asa result. the V1 A619910 el
A6200 line pair was the only one of the six used i Padgett (1994a) which remained noca-
surable 011 1110’ nights. The equivalent widths of V-1 A6199 and e 1 AG200 were measured
on al spectra; however, 011 some nights the line pair was notidentifiable for b oth cornp o-
nents dueto confusion with other absorption features and anill-placed detector flaw on the
Palonmarspectra. The temperat ure deter mined for component A is a mean over ten nights
of obscrva tions; the one for component B is asix night average . The derived temperatures
arc, for component A: T ;= 55004 130 K and for componentB: T ;= 53501300 K. As
the errors inthese values imply, the line ratio of V-1 36199 1o Fe 1 A6200 varied con -
crably for componient B from night to night. These changes in apparent temperature are
app arcnily not correlated with chianiges inthe relative strengths of the cross-correlation
peaks, although the siall number of data points makes deterimining any pattern diflicult.
Nevert heless, 1t is possible that these two effects may both be a conisequence of starspots
on comp oncnt B3, since ncutral vanadium hines are especially sensitive to temperature and

arc enhanced 1 sunspot spectra.

Lithium abundance determinations for cach component were performed on the reso-
nance doublet of Li 1 A6708 using the spectroscopically determined effective temperatures.
The equivalent widths of the AG708 line were corrected by the ratio of the blackbody fluxes
al this wavclength and assuming that the radii of the two components are identical, as
m Boesgaard and Tripicco (1987). For component A, the 12 night mean of the measured
Weros (A) = 0.20 -4 0.03 A and Weros (B) = 0.17 :1 0.03 for component B. The corrected
equivalent widths are 0.37 A for component A and 0.36 A for component 3. The log g of
both components was fixed at 3.8, and the microturbulence set 1o be 1.8 kin s7 ', both
typical values for pre-main scquence stars as determined by Padgett (1991,1994a). Curves
of growth were calculated with the prograin RAT10 (courtesy of A. Bocsgaard) using solar

[I"c/1] model photospheres from Gustafsson (1988). With these assumptions, the derived
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logarithmic lithiun abundances on a scale witlh logN( = 12,0 arc logN( i = 4 o
component A and JogN(Li) = 3.8 for componen B with errors of approximately -1 0.4 dex
from uncertaintics in the tempera ures and equivalent wid hs. A nong weak-lined ‘I Tauri
stars, the mean lithiun abundance found by Padget  (1991,1994b) is JogN i = 3.6
0.3, with some even arger values in a few stars. The very high i abundance derived for
W134 matches the value N(1i) = 4.0 4 0.2 dex found for the NGC 2264 'MS star G-G
400, and is among the Jarger lith um abundances determined for the low mass *MS stars

in the Taurus- Auriga, Orion, Chamacleon 1, and Ophiuchus T Tauri associations (Padgett

1994D).

The more massive component in the W134 binary system has deeper absorption line
than the secondary. The ratio of the arca under he cross-correlation function (CCH) peaks

a mean value of 1.32 4 0.17. The ratio ob .ained for individual observations

/)\s \/)Cw 1a

ranges from 1.12 to 1.64. The maximuin values for this ratio were obtained during 1 first
observations in November 1988; however, during the run of 11 consceutive nights at Las
Campanas in I'ebruary-March 1989, W 4 /Wy, varied from 1.2 to 1.5, changing by as much
as 0.3 on a timescale of one day. Figure 2 plots e ratio of the component CCFs versus
the orbital phase of the binary. No clear pa tern emerges, although the highest values are
noted between phase of 0.1 and 0.4. In .wo stars of equal temperature, the ratio of the arca
under e cross-corrclation function for the two components has been interpreted as the
lumninosity ratio (Reipurth ef al. 1990). ‘or a CCI ratio of 1.3, the radii should differ by
a factor of 1.14.  lowever, the large and unexplained night-to-night variation of this ratio
demonstrated in Figure 2 renders the derivation of stellar properties using the CCI ratio
questionable in the case of W134. Va iability in the CCF ratio for other PMS binaries
1as seen attributed Lo spots (Reipurth of al. 1990), and obscuration by circumstellar dust
(Andersen ef al. 1989). In the casc of W134, the pauci y of data makes it difficult to adopt

cither of hese models.



With our relat ively poor velocit y 1esolution (15 kin s1), the absorption spect rum
of W1 34 appears Only slightlybroadened with 17¢CsDCCt to the templatespectruim. The
approxiinate vsing of the W1 34 components was obtained by comparing the 'WIHM of
the W1 34 cross-corrclation peaks wit]] agrid of FWHM derived from cross-corr ela tions
between a template spectrum and the same template broadened by a rotational function
(Gray 1976). We obtain ,alucsof18 - Hkin s? forboth of the components of the W1 34
system. Using the orbital period and stellar radii derived in Scction 1V.2, we find that
the syn chronous rotation rate is about 2b kin S!' . I thissystem is tidally locked, the

inclination angle implied by the vsing is 46°:1 3}.

I1V. Discussion

1, The Pre-main Sequ ence Nature of W134 A ant] B

There areseveral factors which reaflirm the pre-main sequence nature of W134 A and
BB. First, its position in the SKy places it squarely inthe midst of the extremely young open
cluster NGC 2264 . The proper motion of W134 is sufliciently close to the bulk proper
motion of NGC 2264 that Vasilevskis ¢t al. (1 965) assign a 96% probability of of cluster
membership. Finally, the systemic radial velocity we determine for W1 34 (25.84 1.0 kin
5~ 1) is in agreement with the radial velocity of the NGC 2264 cluster (21 4 5 km S1;
Perez 1991). Thus the Jocation and kinematics of W1 34 firmly establish its membership in
NGC 2264. The age of NCG 2264 has been determined as 3 x 10% yr by the main sequence
“till’Of~ of 011 stars(Walker1956); thercfore, W] 34 is amember Of a very young stellar

association with ongoing low iass star formation.

The components of W1 34 display photometric and spectroscopic characteristics com-
monto low mass pre-main sequence stars. ‘The neutral lithium resonance doublet at 6708

A a identifying spectral feature for all low mass PMS stars, is detected strongly in botl
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components of W1 34, The lithium abundance which is derived for these stars using the
6708 A line (log[N(1.i))= 4.(1) is attheupper edge of the envelope for lithium values in
pre-main sequerce St oars (’adgett 1994b; Maguzzu of al. 1992 Basrief ol 1 991 ). Al
thiough lithium depletion occurs more slowly for St ars of > ] .() M, t hanufor lower 111{18S
stars (Michaud 1991 ), 7 AMS sta rs in young clusters with t he same miass as the compo-
nents of W134 genierally have a lithiu m abundance of N(Li) = 3.2 dex or Jower. However.
abundan ces foundfor weak-line T Tauristars may range from 3.0 to> 4.() (Padpett 1994,
Maguzzu ¢l al. 1992; Basri & 01. 1991; Strom et al. 1989). Thus, the strength of the

lithium line inboth components of W134 supports their status as extremely young objects.

IFurtherimore, the spectrumof the W134 binary displays Ha and calciuin 11 and K
cmission lines characteristic of weak-line T Tauri stars. The strength of the Ca 11 emission
line is similar for the two components and little varia bility in the lines was observed over
11 consccutive nights. In contrast, the strength and structure of the Ha emission feature
cha nges dramatically over the same period of time, varying from an inverse I’ Cygn profile
(Fig. 3, bottom) to a pure single absorption (Iig. 3, top) even when the components are
well-separated. The Ha equivalent width varies from 0.5 to 1 A; the corresponding 1la
huminosit y log[lyr, (146 )])z -3.4 is typical of weak line T Tauri stars (W1'F'S) such as 1L.kCa
4 (Cabrit ¢t al. 1990). The relatively broad nature of theline as well as the variability
of the embedded absorption features suggest that Ha cinission in these stars may not be
111213 chromosplieric. The PMS binary 162814-2427 also shows evidence of weak inverse
1) Cygni Ha cini ssion, which has been interpreted as evidence for aceretionary p rocessces
(Mathicu 199'21)). of the! i nownPMS short-period binaries, only V4046 Sgr has astrong
J1a emission line, possibly indicating that close binaries tend to disrupt the inner aceretion
disk where the strong 1a emission lines of classical 'I' Tauri stars is thought to originate
(Mathicu 1 992b). It is interesting to note t hat the near-infrared excess (1ig. 4; sce below)

of W] 34 is morc typical of classical T Tauri stars than WIS, In this way W1 34 is similar
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to the PMS spect roscopic binary AK Sco(Andersen(? (/7. 1 989) which also ha s weak

optical cipission lines.

2. Placementinthe HR diagram

UBVRIphotometry of 11'134 is presented by Mendoza and Gomez ( 1990). The red-
dening of W134 is small: Youug (1 978) studied the distribution of F(B-V)in NGC 2264
and finds a value of 15(13-V)= 0.08 for W134. We have recalculated the reddening using a
mican spectroscopic temperature of 5450 K, and find a value of E(I3-V)= ().2(). Using this
valuc to deredden the photometry of Mendoza and Gomez, extrapolating mto the infrared
using a 5450 K blackbody normalized to the photometry a1 band, and using a distance
to NGC 2264 of 700 pe (Feldbrugge and van Gendererr 1991 ), we derive an an integrated
luminosity of 16.1 Lg, for the system. This luminosity must be considered uncertain by
25% duc to the observed variability of \3'134 andthe lack of simultancous photometry.
The dereddenced spectral energy distribution of W] 34 is shownin Iligure 4. The clear
ncar-infrared excess IS many times larger than ca n be accou nted for by starspots, even for
50 % surfa ce coverage. This excess ismore typical of classiea T Tauristars,andindicates
that warm dust is present within 0.3 AU of the binary. Dust grains smaller than 1 nmin
in size are removed from this region by Poyntinig-Robertson drag in only 10% years; new
material must therefore be constantly supplied. The reservoir for this material could well
be a circumbinary disk. At least four other short-period PMS binaries also show evidence
of circumstellar disks intheir spectral energy distributions (AK Sco, V4046 Sgr, 1(12814-
2427, 1 62819-2423S; Mathicu 1 992Dh), and some show evidence of an evacuated central hole
m the dust distribution. The determination of the disk structure around the W134 binary
will require additional IR observations to extend the spect ral energy distribution to longer

wavclengt 11s.

According to the pre-nain sequenice evolutionary t racks of Mazzitelli of ol., stellar
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luminosity scales as LxM?¢ in the region of the 1TR diag ram appropriate to W134. Using

the mass ratio determined fromn the orbit solution and this lnminosity scaling law, we find
that cor nponent. A should be 12% more luminous than cor nponent B, Thus the estimated
imdividual luminositics are 1.y = 8.5 1, and L= 7.6 La . These values allow radius
estimates to be made according to the cquation L= 4w 17, R? 1 we find comparable
radiiR4= 3.2 4 0.5 R, Rp= 3.2 4 0.7. When placed in the HR diagram (Iigure H).
both componenits appear helow the birthline in a region well-populated by other micmbers

of NGC 2264 (I'alla and Stahler 1990; Staliler 1985).

From the location of W134int he IR diagram, the mass and age {or cach component
car) be estimated via comparison with predi cled pre-main sequence evolutionary tracks
and isochrones. The tracks of Mazzitelli (1989 ) give M 4= 2.3 Mg, Mp= 2.2 M, and ages
of 2 x 10( yrs. However, the uncertainties in luminosity and T s combine to give a 10%
uncertainty in the theoretical miasses and 10¢ yrs in the theoretical ages. The theoreti cal

masses imply that W134%s orbit is inclined by sin™? (3.16/M 44 Mg )%= 63°4 4.

3. Possibility of Eclipses

The maximum inclination angle for which eclipses do nof take place in a binary system

is given by simple gecometry:

. asin? 21.2
tane = --—---- -

3
Ky 4Ry 64112 ®)

FFor the parameters of the W1 34 system, this limniting angle i == 73°4 3. If the orbital
inclination inferred from the 1 °M S tracks IS correct, the likeliliood of observable eclipses 1S
therefore small. 1 lowever, theuncertainty in the theoreticaltracks is sufficient to allow the
possibility Of grazing cclipses. 1 °hotometry during zero velocity separation evenits in- 1989

found no diminishient of the light from thissystem ; however, the photometry was only
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good to 10% and the orbit was less well cons rainedthan that presented 110727 (. If central.

the echpse duration would be 7.4 hours. Furt remmonitoring of thesystennis 12" ( (1 (1.

4.Importance for Tidal Circularization Models

The orbital evolution of close binaries has recently been a toPIC of considerable interest
to botl 1 the observational and theorctical communities. One nmportant result of recent
observational studies has been the discovery that coeval binaries inopen clusters have
a cccentricity transition period below which the binaries have circular orbits and above
which they have mcasurable eccentricitics. This transition or ‘(cutoff) periodis .7 days
for the young Pleiades, Coma, Hyades, and Pracsepe clusters (Mayor and Mermilliod
1 984), but illcl’cases to more than 10 days in the case of the much older M67 cluster
(Mathicu ¢t al. 1988). The increase in the cutofl period with age has been interpreted as
the result of tidal circularization processes which slowly reduce the eccentricity of binary
orbits during their main sequ ence lifetime. A varicty of theories have been proposed which
predict the magnitude of tidal circularization eflects during the main sequence (Zahn 1966,
1977; Alexander 1973; Lecar, Wheeler, and McKee 1976; Hut 1981 ; Tassoul 1988). This
interpretation has led to the proposal by Mathicu and Mazely (1 988) that thie value of
the transitional period could be used as a “clock” to determine the age of open clusters
once the normalization of the tidal arcularization tiinescale is understood. However, two
articles by Zalm (1 989) and Zalin and Bouchet (1 989) challenge the entire notion that tidal
cflects mainly operate on the main seq uence. They point out that most of the p roposed
tidal circularization processes are much more cflective in the fully convective envelopes of
pre-main sequence stars and conclude that all binaries (0.3 Mg <M, <1.25 M ) with
periods of lessthancight days will be circularized by the time they reach the mainsequence.
Goldman andMazch (1992) have responded by questioning the app licability of the mixing,

length theory used by Zalin’s modcls. In addition, expansion of {he observational database
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cor ifirms t he a definite increase in cut off period het ween t he youngest clust ersand 01(1(7 17

cluster and halo stars (Mathicuefal. 1 {)92). However . the subject remains controversia l.

From anobservational standpoint, the deterinination of t he transit ion period for pre-
main scquence bityaries of various masses will provide aq important test for all the theories
in question. The cutoff’ period between circular and cccent vic orbi ts for PMS st ars de-
tert nines the initial condition g for main sequence orbital circularization. Main sequence
binaries with circular orbit periods longer than the PMS cutofl’ are evidence of nain se-
quenice tidal circularization processes. Recently, the tidal circularization cutofl period for
a cocval group of binaries has been defined as the longest peri od circular orbit, which is
gcncrally, but not always, longer than the shortest period eccentric orbit (Mathiceu ¢f al.
1 W?). Inarccent review of PM S spectroscopic binaries, Mathicu (1 992a) set the proposed
PMS transition period at 4.25 days, the period of ORI569’s circular orbit. All solar-type
PMS binaries with longer periods known at that time had measurable eccentricitics, in-
chuding XK Cep (period 4.4 days; ¢= ().1 1) andORI1429 (period 7.46 days; ¢ = 0.31).
The gap in known PMS binary periods between 4.4 and 7.46 days has crcated considerable
uncertainty in the value of the PMS cutoff. The range of possible cutoff values has consid-
crable importance in distinguishing between the models of tidal circularization operating,
primarily during the pre-main sequence (i.e. Zahn and Bouchet 1989) which argue for
culofl period of 7-8 days and theorics which ciphasize tidal evolution during the main

sequence (1. c. Mathicu ¢f al. 1992) which favor shorter PMS cutoffs.

The discovery of the W1 34 binary fills this important gap in the period/cccentricity
distribution of PM S binaries. W1 34’s orbit has the longest period circular orbit among
close PMS binaries; thus, it suggests a new value of 6.35 clays for the pre-main sequence
star tidal circularization period. The classical ‘I Tauri star GW Ori is asingle-lined binary

withaperiod of 243 days and cccentricity of ().()43 0.06 (Mathicu, Adan s, and Latham
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1991); however, the separation of its components is too Jarge for tidal processes to have

heen significant in circularizing the orbit. W134 therefore has the longest period of any pre-
main sequence binary with a well-determined circular orbit and where tidal circularization
is likely to have been cffective. The 6.35 day value is reasonably consistent with the 8
day cutofl period for pre-main sequence tidal circularization derived numerically by Zahn

(1989).

However, there arcanumber of problems withusing the 34’134 binary as the cutof!
period point for solar-type PMS stars.  The dynammical masses implied for this systemn
probably exceed 2 Mg, for cach component. Despite their relatively late spectraltypes, the
W134 stars arc closer to interin ediate mass than Jow mass stars, and are considerably more
massive than the stars modelled by Zahn and Bouclhiet (1989). Those models show atrend
of decreasing circularization time between stars of 0.5 and 1.25 M. As mass increases still
further, at some point the lack of time spent on the PMS with a fully convective envelope
should negate the processes discussed in Zahm and Bouchet (1989), and cccentricity should
persist in short-period binaries as is seen in carly-type main sequence stars. Indeed, in
main scquence A stars, which the components of W134 will eventually become, there is no
tightly constrained cutofl period; circular orbits are found with period of up to 10 days,
while some cceentric orbits have periods as short as 3.3 days (Matthews and Mathicu

1992).

A 1 I additional complication is the eclipsing binary system EK Cep, which has a mca-
surable cceentricity of 0.11 inits 4.4 day period orbit (Tomki n 1983). AS a presuimed PMS
binary with ancccentric orbit having a shorter period than the PMS cutofl of 6.35 days sct
by W1 34, this systemis iimportant in defining the width of the transitional period region
causcd by th e distribution Of init ial cccentricities. The pre-main sequence status of K

Cep 13 issuggested by a variety of photometric and spectroscopic evidence. 1 2opper (] 987)
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llas (011 (111( 1( '(1 thatthearPrimary (2. 1A,y ill this system is approximately zero- age
main sequen ce, while the seconidary is 1 .12 M, with temperature and luminosity which
place it slightly above the mainsequenice (age 2-3x107 years on the tracks of Mazzi telli
(10)89 )). Additional evidence for the secondary’s youth isits large radius and subscequently
low surface gravily in comparison {o similar mnain sequence stars. Popper also used the
presence Of a photometric excess in the blue to justify his classification of the sccondary
as a pre-main sequence Star; however, current theory links the presence of blue and UV
excesses in PMSgt arsto thepresence of aceretion disks, which is highly unlikely in 'K
Cep ductoitsJack of reddening and the absence of spectral signatures of disk accretion.
One of the most reliable spectral indicators of stellar youth is the preserice of a strong 13
16708 A absorption. Previous studies of thium abundances in pre-main sequence solar-
type stars have found strong lithium resonance lines for all stars of type G0 - Kb (Padgett
1994b). The presen ce of the 6708 A feature is considered to be an identifying 1°MS feature,
cspecially for the Weak-]i]lcc] st ars wit hout prominent emission lines. Martin and Rebolo
(1993) have measured a strong lithium resonance line in 'K Cep B and has derived  a
lithium abundance of log N(Li)= 3.1 for thisstar, which is similar to values {fou nd in
for theyoungest main sequence (“lush stars. Despite BK Cephel’s lack of positional or
kincematic assoc iation with a star-forming cloud o1 young cluster (Popper 1987), present
cvidence suggests that 19K Cep B is indeed an “(older” pre-main sequence star close to the
main scquence. If BK Cep’s PMS identification 1S correct, the significance of its ellipti-
cal orbit having a shorter period than W134 may reflect @ high initial eccentricity or the
presence Of an as yet undetected third star in the system. Alternatively, the large differ-
cnee in mass between the primmary and sccondary, and subscquent differences in pre-main
scquence history, may have influenced the tidal evolution of this system (Mathicu ¢t al.
1992). Finally, the relatively large mass of the 'K Cep primary, as well as the components
of W134, may indicate that these systemns are not subject to the clear tidal cutofl period

scen in fully convective low-ma ss stars; a large overlap in short-period eccentric orbits and
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long-period (“ii’(INal” orbits is presentamong the main sequence stars of tvpe A and carlier

(Matthews and Mathicu 1992).

v. Conclusions

(1) W134 is a double-lined spectroscopic binary with a circular orbit and a period of

6.35H3 clays.

(2) W134is unquestionably a pre-main sequence system 0f age < 3 x 1 0° yrs, as
imdicated by its membership in NGC 2264, location inthe 111{ diagram, high lithium
abu nda nce log[N(14)]: 4.0, Ha emission, and necar-infrared excess. ‘il e star’s cinission
line properties are typical of weak line *1 * Itauri st ars, whercas its observed near-infrared

excess IS more typical of classical I Tauristars.

(3) W134has thelongest period of any pre-main sequence sjwetmsc.epic binary with
a well-cletcll))il]tncl circularorbit. Its 6.353 day period constrains the transition period

between cccentrie and circular orbits for pre-main sequence stars with masses of 2 M., .
®

(4) Further studics of W] 34 are nceded. The system should be monitored for p ossible
cclipses, as current estimates for the incination angle and stellar radii indicate that the
systemn geometry lics near the threshold for observable cclipses. Furthermore, the large
velocity amplitude and short period of the W134 binary imply that the best correlation

spectroscopy technmiques should be able to determine the orbit to very high accuracy.
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Figure Captions

Figure 1. Phasc plots of the Orbit of W134. ‘] heuppor panclgliows the observed sepa-
ration velocity (Vs = Vi Va ) data points plotied against the orbit solution (soli d line).
Zcro phase occurs at Ty (sce Table ‘2). The lower pancl ¢hows the heliocentric radial veloc-
ity data for theindividual components (A: find circles, B: opel circles) and the individual

orbit solutions. The dashed Iine marks the systemic velocity of the binary.

Figure 2. Ratio of the arca under the cross-correlation function (Component A /Componentl

B) versusorbita 1 phase.

Figure 3. Ha cmission in the spectrum of W1 34 on five consecutive nights at Las Cam-
panas. Wavelengths corresponding to the individual component velocities on these nights
arc indicated; the middle spectrumn is a zero velocity everit. The vertical line marks the

rest Velocity of the system.

Figure 4. Spectral energy distri bution of W134 in the visible and near-infrared. The sohid

curve is a 5450 K blackbody normalized to the stellar photometry at 1 band.

Figure 5. Positions of W134 A and B on the HR diagramn. The overplotied isochrones

and pre-main sequence evolutionary tracks are taken from Mazzitelli ¢t al. (1989).
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TABLE 1
Heliocentric Radial Velocity Observations of W134
Julian Date Phase Veep O-C Vy, ' 0-C Vp O-C Note
244746595 0.365 111.1+:2.5 -0.1 27.8+1.7 0.8 83.3-2.3 1.2 C
2447469.02 0.376 121.0+£2.9 0.7 -36.2+21 -3.2 84.8=2.4 -1.9 C
2447469.8S 0.511 168.353.1 -0. -.59.452.0 -2.8 10 S%2.8 29 C
2447470.01 0.532 163.0£4.1 - 2. -56.8+1.4 1.7 106.2-4.1 -33 C
2447517.77 0.049 -164.5+6.0 -39 L
2447.531.82 0.260 0.0+15.0 -11.0 15.7-15.0 4.7 1575150 | -157 | C
2447531.99 0.288 37.254.6 -2.3 1.8+1.2 4.7 39.0=3.5 1 68 ' CD
2447.546.3 0.624 118.9=7.0 1.4 | L
244754534 0.940 -157.1 3.4 -0.4 C
2447.551.87 0.417 145.7=7.0 -0.5 L
244'7579.57 0.792 -42.3+ 4.0 1.5 39.2+3.1 -8.0 -3.1=2.9 6.7 CD
2447580.55 noa1 -153.8+2.3 -0.9 : C
2447.581..59 0.094 -137.146.3 3.0 93.223.5 -1.2 43.9+5.4 1.3 C
24475%3.5.5 0.403 138.6+3.2 0.0 -40.4+ 2.2 1.6 98.24-2.7 2.2 C
2447584.55 0.361 153.9-6.6 2.7 -46.7+4.5 4.1 107.225.0 21, C
2447585.5.5 0.718 32.0-36 -1.8 16.3-2.7 7.1 48.3+2.8 5.3 CD
2447586.55 0.875 -120. 8+5.0 -1.5 82.4+3.3 1.7 -38.4+4.0 -3.8 C
2447587.55 0.032 -164.1£2.8 1.1 107.6 2.6 1. -36.5+1.7 1.4 C
2447588.55 1 0.1s9 -67.0+£38 | -4 . 56.3+£3.1 | -0.2 -3.7+2.6 23 C
2447589.55 |  0.347 | 965 1.4 -0.2 -17.941.4 35 . T8.6:1.4 3.9 C

Key to Notes. C: Velocities derived from correlations of several echelle orders. L: Separation velocity derived from average
of individual line center velocities. CD: Same as C with deblending of the correlation peaks. The zero separation data point

wasnot used in fittingthe orbit.




TABLE 2
OrbitalElements of w134

1" (days) 6.35324 0.(101"2
asint (Rg)) 21.24 0.2

To (3])) 2447472.9s5 -10.008
Vu (ks ) 167.04 177

\7”/]34 (]{]I'l S1 ) 206441.0

M4 /My 1.0440.()'2
(M4+Mp)sin®i (MC,) 3.16:1 0.10

Ty o 1.589, 4.764

Note: 17 is defined as the time when star A passces
through the tangent pla ne of the sky as it imoves toward
the observer. V4 is the separation velocity amplitude
and Vyyaq is the heliocentric radial velocity of the bi-
nary. The Ty are the predicted times (in days since To)

when star A,B would cclipse the othier.




TABLE 2
Orbital Elements of W134

1 ’ (days)|  6.3532 40.0012 -
asint (Rg,) 2124 0.2

Ty (ID) 2447472.985 -1 (1.0(18
V,u(km s-7) 167.0 < 1.7

Viryas ({111 ) 25.8 4 1.0

M4 /My 1.04 - 0.02

(M4-1 My)sin®i (Mg,) 3.16:1 ().1(0)

'y 1.589, 4.764

Note: Ty is defined as the time when star A passes
through the tangent plancof thesky as it moves toward
the observer. Vi is the separation velocity amplitude
and Viyygqis the heliocentric radial velocity of the bi -
nary. The T}, are the predicted times (in day s since 1)

when star A,B would cclipse the other.




TABLYE 3

Physical Parameters of W134 Components

Parameter A« B
Ty (K) 5510 4 130 | 5350 4 300
R, (14{.) 3.24(0.5 3.24 0.7

1. (Lg) 8.5 7.6
M. (theory) (M¢) 2.3 2.2
Age (yr) 2 x 10° 2 x 10°
Weras (mA) 197:1 30 170 4 30
Wenos (corr) (inA) 37() 360
log[N(1.3)] 41 : 0.4 3.8 4 0.4

Note: M, (theory) is the mass indicated by the pre-main
scquence {racks of Mazzi telli (1 989) wheri the compo-
nents of W134 are plotted onthe 111{ diagram.Theage
of the components is also determined fromthese tracks.
Waeros (C.err) 1S the equivalent width of the hithium res-
orrance d oublet corrected for e flects of the overlapping

component continua.




